The prevalence of nonischemic dilated cardiomyopathy (DCM) is greater in individuals of African ancestry than in individuals of European ancestry. However, little is known about whether the difference in prevalence or outcomes is associated with functional genetic variants.
H eart failure (HF) secondary to dilated cardiomyopathy (DCM) affects an estimated 2.5 million Americans 20 years or older. 1 The epidemiology of DCM differs by race and ethnicity, with American individuals of African ancestry having the highest incidence and prevalence of HF and a preponderance of idiopathic dilated cardiomyopathy (IDC). 2, 3 This contrasts with American individuals of European ancestry, who most commonly have DCM secondary to ischemic heart disease. [4] [5] [6] [7] Consistent with the epidemiology of IDC in American individuals of African ancestry, IDC is far more common and the age at which the disease is first recognized is substantially lower in sub-Saharan Africa than in the United States or in Europe. 8, 9 The increased prevalence of DCM in US people of African ancestry has been attributed to a diverse set of medical and sociologic factors, including neighborhood, 10 and a higher burden of cardiovascular risk factors, including diabetes mellitus, hypertension, cholesterol, smoking status, and ventricular hypertrophy. 11 Several observations, however, suggest that the increased incidence of IDC may also be attributed to genetic risk factors. For example, HF hot spots are found in geographic regions across sub-Saharan Africa. 12 The presence of hypertension does not correlate strongly with DCM in subSaharan African individuals. 13 Truncating variants in TTN, the gene most commonly associated with DCM, 14 are more prevalent in women of African ancestry with postpartum cardiomyopathy than in women of European ancestry with postpartum cardiomyopathy. 15 Genetic variants in more than 40 genes have been linked with DCM. One such gene encodes Bcl-2-associated athanogene 3 (BAG3), an evolutionarily conserved protein that is expressed predominantly in the heart and skeletal muscle and in many cancers. 16 The BAG3 protein has pleotropic effects in the heart 17,18 and has emerged as a major DCM locus. 19 Several observations suggest that BAG3 mutations might be prevalent in African American individuals.
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The Genome Aggregation Database (gnomAD) shows marked differences between the allele frequency of BAG3 variants found commonly in individuals of African ancestry when compared with the allele frequency of BAG3 variants in individuals of European ancestry.
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To investigate whether BAG3 variants contribute to either the increased prevalence or the clinical outcomes of IDC in African American individuals, we sequenced BAG3 in DNA samples obtained from participants who were enrolled in 1 of 3 clinical trials.
Methods
The primary objective of this study was to determine via a retrospective analysis whether genetic variants in BAG3 found in individuals of African ancestry were associated with either the prevalence of the disease or disease outcome in patients with heart failure because of reduced ejection fraction (HFrEF). The study began with an exploratory assessment of BAG3 variants in patients enrolled in the Genetic Risk Assessment of African Americans With Heart Failure (GRAHF) trial. Subsequent analysis in African American individuals who participated in 2 additional HFrEF trials provided a larger population with which to evaluate the study end points. A secondary objective of the study was to determine the pathogenicity of the variants that were identified.
Patients
Genomic DNA was obtained from 509 African American individuals with DCM enrolled in 3 independent US studies: 342 patients from the GRAHF trial [22] [23] [24] [25] ; 109 patients from the Intervention in Myocarditis and Acute Cardiomyopathy Trial-2 (IMAC-2) study 26 ; and 58 patients from the Genetic Risk Assessment of Cardiac Events (GRACE) study. 27, 28 Patients were excluded from analysis if they had acute myocarditis, peripartum cardiomyopathy, or any potentially reversible cause for DCM. 29 Patients in the GRAHF and IMAC-2 studies were followed up to an end point of death or HF hospitalization adjudicated by an end point committee. Participants in the GRACE study were followed up to the end point of heart transplant or death. Samples of DNA were also acquired from the left ventricular (LV) myocardium of participants of African ancestry who underwent heart transplantation at the University of Colorado (n = 15) or at the University of Pittsburgh (n = 31). Nonfailing human heart tissue that could not be used for transplant served as nonfailing control samples.
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Written informed consent was obtained from all patients (or appropriate family members) who contributed DNA or tissue to the aforementioned study repositories. The study protocols were approved by the institutional review board at each of the participating institutions.
We used 3 reference populations. First, we sequenced DNA from individuals of African ancestry with ischemic cardiomyopathy who were enrolled in the GRAHF, IMAC-2, and GRACE studies (eTable 1 in the Supplement). Second, we obtained BAG3 sequence data from a cohort of 359 individuals of European ancestry with both familial and sporadic DCM, collected at the Brigham and Women's Hospital, Boston, Massachusetts, from clinics throughout the United States. 31 Third, population genetic data from gnomAD were accessed online, including data from 123 136 exome sequences and 15 496 whole-genome sequences from unrelated individuals. Of these, 7509 whole genomes and 55 860 exomes are from individuals of non-Finnish European ancestry, and 4368 whole genomes and 7652 exome sequences are from individuals of African ancestry.
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DNA Sequencing and Analyses
The DNA samples from the GRAHF trial were sequenced in the Genetics Resources Core Facility at the McKusickNathans Institute of Genetic Medicine at the Johns Hopkins University School of Medicine, as described in detail in the eMethods in the Supplement. Targeted genotyping was performed to confirm the results of the GRAHF cohort and to identify single-nucleotide variants (SNVs) in each of the subsequent cohorts using real-time polymerase chain reaction (PCR) and single-nucleotide polymorphism (SNP)-specific reagents (eMethods in the Supplement). The SNVs were chosen for confirmatory genotyping and functional analysis if they (1) had an allele frequency of more than 0.005 in the GRAHF study, (2) were nonsynonymous, and (3) were more common in participants of African ancestry than in those of European ancestry. To determine whether 2 BAG3 SNVs in the same sample were arranged in cis, the BAG3 locus was amplified, cloned into a plasmid, and subjected to Sanger sequencing, as described in the eMethods and eFigure 1 in the Supplement.
Western Blot Analysis and Quantitative PCR of Human Heart Tissue
Protein levels of BAG3 in human failing heart were quantified by Western blot and messenger RNA (mRNA) BAG3 levels were determined by quantitative PCR. This approach has been described previously 32 and in the eMethods in the Supplement.
Measurement of Autophagy and Apoptosis in AC16 Cells
Autophagy was measured in transformed human ventricular cells (AC16) that were transfected with plasmids containing either wild-type BAG3 or a BAG3 variant (eTable 2 in the Supplement) and cotransfected with the adenovirus-red fluorescent protein-green fluorescent protein-microtubule-associated protein 1A/1B light chain 3 (Adv-RFP-GFP-LC3) reporter construct, as described in detail in the eMethods in the Supplement and in previous studies. 18, 33 In a second group of experiments, cells were stained for apoptosis with Annexin-V (Dead Cell Apoptosis kit with AnnexinV Alexa fluoro 488 and propidium iodide; Thermofisher Scientific) and propidium iodide, as described previously 34 and in the eMethods in the Supplement.
Measurement of Autophagy in Adult Myocytes
Isolated From cBAG3 +/− Mice Cardiac myocytes were isolated from the septum and left ventricular (LV) free wall of male mice aged 10 to 12 weeks who were heterozygotic for the murine version of the constitutive (c) delection of BAG3 (cBAG3
). These cells were infected with an adenovirus containing BAG3
wild-type or BAG3 p.P63A+P380S
,aBAG3 variant having 2 heterozygous SNVs that result in substitution of an alanine for a proline at amino acid 63 and substitution of a serine for a proline at amino acid 380 and an autophagy reporter construct, as described previously 18, 33 and in the eMethods in the Supplement. . Mice were examined on follow-up with echocardiography for 6 weeks, as described previously and in the eMethods in the Supplement. 36 
Statistical Analysis
Statistical analyses were conducted based on stratification or partitioning by BAG3 SNV (SNV vs no SNV), ischemia (ischemic patients vs nonischemic patients), and the concomitant interaction. Continuous variables were assessed using the t test or analysis of variance as appropriate, and categorical variables were assessed using χ 2 or Fisher exact tests. For the timeto-event analyses, an event was defined as death, transplant, or HF-associated hospitalization. Survival was assessed using the Kaplan-Meier method; the resulting curves were assessed using the log-rank test. Hazard ratios were estimated using Cox proportional-hazards models. All statistical analyses were conducted using SAS version 9.4 (SAS Institute). Statistical significance was defined as P < .05. All reported P values are 2-sided.
Results
BAG3 Genetic Variants
Sanger sequencing of the GRAHF study cohort revealed 18 variants (eTable 3 in the Supplement), 8 of which were synonymous. Four SNVs met the criteria for inclusion in this study: p.Pro63Ala (10:121429369 C/G; rs133031999); p.His83Gln (10:151331972; rs151331972); Pro380Ser (10:121436204 C/T; rs144692954); and Ala479Val (10:121436502 C/T, rs34656239). We also identified a 3-nucleotide in-frame insertion that added an alanine to the protein at position 160 (p.Ala160dup;10: 121429647 A/AGCG). A total of 51 participants carried a BAG3 SNV (10%), and 458 did not (90.0%); this included 42 of 402 individuals (10.4%) with nonischemic heart failure and 9 of 107 individuals (8.4%) with ischemic heart failure. The characteristic demographics of the human cohorts with HF with and without the 4 identified BAG3 variants were not different, as shown in eTable 4 in the Supplement. Briefly, 30 of 51 individuals with BAG3 variants (59%) were male, as were 280 of those without BAG3 variants (61.1%); mean (SD) ages of those with and without the variants were 55.6 (13.4) years and 54.5 (13.6) years, respectively.
Every individual who harbored the p.Pro63Ala variant also carried the p.Pro380Ser variant, and the corresponding allele frequencies for these 2 SNVs in gnomAD were almost identical, suggesting that the 2 SNVs were linked. This was confirmed by Sanger sequencing (eFigure 1 in the Supplement). The linked SNVs are designated as p.Pro63Ala+Pro380Ser.
As seen in eFigure 2 in the Supplement, the amino acids (His83, Ala160, Pro380, and Ala479) affected in the BAG3 variants are highly conserved across mammals.
The prevalence of the 4 BAG3 variants in the 402 patients with IDC in the cohorts from the GRAHF, IMAC-2, and GRACE studies (n = 42; 10.4%) was not greater than the prevalence of the 4 variants in patients with ischemic HF (n = 9 of 107; 8.41%) when adjusted for multiple alleles (Table) . Similarly, the proportion of patients in these 3 cohorts with 1 of the 4 BAG3 variants was not significantly different than the proportion of patients of African ancestry with a BAG3 variant in the sum of the corresponding gnomAD data set for each variant (9.06%). In contrast, the proportion of patients in the 3 cohorts who harbored a BAG3 variant (10%) was significantly higher than the prevalence of the 4 BAG3 variants among more than 60 000 individuals of European ancestry in the gnomAD European data set (0.02%; P < .001) and was significantly greater than that of a reference population (collected at the Brigham and Women's Hospital) of 359 individuals with European ancestry and IDC, of whom 0 individuals had BAG3 variants (P < .001).
Association of BAG3 Variants With Heart Failure Outcomes
We next sought to determine whether the presence of any 1 of the 4 BAG3 variants was associated with a worse outcome, as reflected by the combined outcome variable of an HF hospitalization, heart transplant, or death. As seen in Figure 1A , when compared with patients with HF with either ischemic or nonischemic disease who did not carry 1 of the 4 BAG3 variants (n = 458), patients who had a BAG3 variant (n = 51) had a significantly (83 events in 458 patients [18.1%] vs 15 events in 51 patients [29.4%]; P = .01) higher incidence of an adverse event. Similarly, individuals with nonischemic HF who carried a BAG3 variant had a worse outcome compared with patients with nonischemic disease who did not have a BAG3 variant ( Figure 1B ; 11 events in 42 patients [26.1%]; P = .02). In patients with ischemic HF and a BAG3 SNV, outcomes were not significantly worse ( Figure 1C) ; 4 of the 98 patients without a mutation experienced an event (4.1%), while 4 of the 9 patients with a mutation had an event (44.4%; P = .18).
Using a 2-variable Cox proportional hazard analysis (BAG3 variant and ischemic HF), we determined that the risk of a carrier of 1 of the 4 BAG3 variants having an adverse event was 1.97 times higher than for an individual with HF who did not have a BAG3 variant (hazard ratio, 1.97 [95% CI, 1.19-3.24]; P = .01), and that the risk of an individual with ischemic HF having an adverse event was 1.76 times higher than the risk of an individual with nonischemic HF (hazard ratio, 1.76 [95% CI, 1.18-2.60]; P = .01). Based on additional e These reference data are from the Brigham and Women's Hospital data set.
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Association of Variants in BAG3 With Cardiomyopathy Outcomes in African American Individuals modeling using a 3-term Cox proportional hazard analysis (BAG3 variant, ischemic HF, and the interaction between these 2 variables), the interaction between the BAG3 variant and ischemic HF variables was not statistically significant.
BAG3 Levels in Failing Human Heart
Western blot analysis of BAG3 protein levels and quantitative PCR to quantify BAG3 mRNA were performed in failing human hearts from participants of African ancestry and nonfailing hearts from control participants of African ancestry (cohorts from the University of Colorado and University of Pittsburgh). As we reported previously in a cohort of individuals of largely European ancestry, 32 BAG3 levels were significantly reduced in hearts extracted from transplant recipients who had IDC (n = 23; P = .001) or ischemic HF (n = 16; P < .001) compared with control participants with nonfailing hearts (n=4; Figure 2A and B). By contrast, BAG3 mRNA levels from the hearts of patients with IDC (n = 18) and from the hearts of patients with ischemic DCM (n = 13) were not different from those of control participants (n = 4; Figure 2C ). The levels of BAG3 protein were higher than normal in the 2 hearts of patients with p.Pro63Ala+Pro380Ser variants and were unchanged in the heart of the patient with a p.His83Gln variant. By contrast, the level of BAG3 protein in the heart of a patient harboring the p.Ala160dup variant was comparable with levels seen in the patients without BAG3 variants.
Pathogenicity of BAG3 Variants
We next undertook studies to assess the association of BAG3 variants with the 2 primary actions of BAG3 protein in the cell: autophagy and apoptosis. As seen in Figure 3A and eFigure 3 in the Supplement, when AC16 cells were transfected with either the empty plasmid or with wild-type BAG3, there was a significant increase in autophagy in response to hypoxiareoxygenation; however, the autophagy response to hypoxiareoxygenation was significantly diminished in AC16 cells that overexpress each of the 4 BAG3 variants, because there was no significant increase in the LC3 reporter construct ( Figure 3A and eFigure 3 in the Supplement). In addition, after hypoxiareoxygenation, cells transfected with BAG3 variants showed significantly more Annexin-V-positive cells than did cells transfected with a plasmid expressing wild-type BAG3 ( Figure 3B and eFigure 3 in the Supplement). Thus, by contrast with wildtype BAG3, the BAG3 variants were unable to impede hypoxiainduced apoptosis. To demonstrate that the measurement of autophagy in the presence of the different BAG3 variants was not compromised by variable levels of expression of each variant, the plasmids containing wild-type BAG3 and each BAG3 variant were transduced into AC16 cells. Each BAG3 variant was tagged with myc, which allowed endogenous BAG3 to be separated from transduced BAG3 by assessing the levels of myc. The levels of myc appeared comparable across all plasmids (eFigure 4 in the Supplement). Because AC16 cells are transformed and thus might not adequately represent cardiac myocytes, we confirmed these findings using adult myocytes isolated from cBAG3 +/− mice.
When lysosome-autophagasome fusion was inhibited by the addition of bafilomycin A1, there was a marked increase in total LC3 reporter construct in cBAG3 +/− myocytes transfected with Adenovirus-BAG3
wild-type (Adv-BAG3 wild-type ; eFigure 5 in the Supplement), suggesting that autophagy was occurring. By contrast, transfection with Adv-BAG3 P63A+P380S had no significant effect on LC3
reporter construct levels, suggesting that the variant could not support autophagy. In the heterozygous BAG3 knockout mouse, autophagasome production is so low that blockade of autophagasome-lysosome fusion is associated with little change in the abundance of LC3, whereas restitution of normal BAG3 levels increases the amount of autophagy. When the adult cBAG3 +/− myocytes were stained for apoptosis, there were significantly fewer apoptotic cells when the cells were infected with Adv-BAG3 wild-type than when the cells were infected with either Adv-null (an empty vector) or Adv-BAG3 p.P380A+P380S (eFigure 6 in the Supplement). By contrast with AC16 cells, we did not use hypoxia and reoxygenation to induce apoptosis in the cBAG3 +/− cells, because under the culture conditions used, the loss of a single BAG3 allele led to a marked intolerance to even modest amounts of hypoxia, thereby making it difficult to find live cells after this process was initiated.
To further confirm the findings in AC16 cells, we administered adeno-associated virus 9 (rAAV9)-BAG3
wild-type or rAAV9-green fluorescent protein (GFP) by retroorbital injection to cBAG3 +/− mice aged 8 to 10 weeks. As shown in Figure 4A , . In aggregate, these results were consistent with the observations in AC16 cells. Furthermore, these results could not be explained by differences in the level of BAG3 expression that were comparable across all groups (eFigure 7 in the Supplement).
Discussion
BAG3 is an evolutionarily conserved protein that is expressed largely in the heart and the skeletal muscle. 37 A, A representative Western blot of protein isolated from human hearts with severe left ventricular dysfunction secondary to idiopathic dilated cardiomyopathy (IDC; n = 23) or ischemic heart disease (n = 16), contrasted with control participants with nonfailing hearts (n = 4). Samples obtained from hearts that were found to carry a BAG3 variant are indicated by the red squares. The unlabeled lanes represent molecular weight markers. B, Quantification of multiple Western blots. C, Quantification of quantitative polymerase chain reaction assessment of mRNA levels in a subset of the same hearts (non-IDC, n = 13; IDC, n = 18; and nonfailing human hearts from control participants, n = 4). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served as an internal control for both the Western blot and the quantitative polymerase chain reaction.
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Association of Variants in BAG3 With Cardiomyopathy Outcomes in African American Individuals are also reduced in mice with haploinsufficiency of BAG3 18 and in animal models of LV dysfunction. 17, 35 In the present study,
we identified a group of relatively common genetic variants (presented in more than 1% of individuals); 2 nonsynonymous SNVs, a 3-nucleotide in-frame insertion, and 2 linked SNVs. The 4 variants were found equally in African American individuals with nonischemic DCM and ischemic DCM, as well as in African American individuals without known cardiovascular disease. However, these variants were largely absent in individuals of European ancestry with or without HF. Most importantly, the presence of any 1 of the 4 variants was associated with a nearly 2-fold increase in the risk of death or HF hospitalization. Thus, while they were not a disease-initiating factor, these variants were significantly associated with modified response to disease. Although it is axiomatic that large deletions or truncations of a protein will significantly alter the protein's function, the physiologic effect of SNVs is often far less obvious. That the 4 variants have functional significance in the heart was demonstrated by the fact that each altered both autophagy and apoptosis when transfected into AC16 cells. The relevance of the changes in the AC16 cells was supported by the finding that the variant that combines p.Pro63Ala with p.Pro380Ser was unable to support LV function in mice with haploinsufficiency of BAG3 as evidenced by a significant decrease in the EF in adult myocytes isolated from cBAG3 +/+ and cBAG3 +/-mice that were infected withrAAV9-BAG3 p.P63A+p.P380S .F a n ge ta l 40 have recently shown that when a human SNV (E455K) is knocked into mice, the resulting progeny have a loss of BAG3 function and develop dilated cardiomyopathy; however, they only found this phenotype in mice with homozygosity.
Interestingly, the 4 variants identified in this study were annotated by ClinVar 41 as benign (p.Pro63Ala), benign or likely benign (p.Ala160dup; p.Pro380Ser), or with indeterminate pathogenicity (p.His83Gln and p.Ala479Val). The finding that each of these is pathogenic when evaluated in a biologic system emphasizes the lack of specificity of in silico pathogenicity prediction algorithms and the use of enhanced software and computational predictions in determining pathogenicity and providing annotation for SNVs.
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The variants identified in the present study have not been recognized previously in cohorts of probands with familial DCM. This is likely because of the paucity of African American individuals in genetic studies of HF. For example, in 4 studies 20,38,43,44 that identified BAG3 variants in independent index cases with familial DCM, fewer than 16 participants in aggregate were identified as individuals of African ancestry. In a large exome-wide array-based association study, investigators identified a BAG3 locus (c.451T→C, p.Cys151Arg) that conferred a reduced risk of DCM. Although we found the same variant in this study population, the variant is very common in populations of European ancestry (0.2163 allele frequency) and African ancestry (0.03 allele frequency) and therefore did not meet the criteria for inclusion in the present analysis. 31 The absence of racial/ethnic minority participants in genetic studies is an important disparity in cardiovascular research that needs to be addressed. 45 
Conclusions
In conclusion, unique variants in BAG3 found almost exclusively in individuals of African descent were not associated with : n = 5) shows statistically significant differences at 4 and 6 weeks (P = .05).
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Association of Variants in BAG3 With Cardiomyopathy Outcomes in African American Individuals the onset of DCM but were associated with a negative influence on the phenotypic response to the development of DCM and worse outcomes of patients with both ischemic and nonischemic disease. This study raises several points that are relevant to our understanding of the genetics of HF. First, biological differences should be considered along with environmental and social factors as important in understanding phenotypic differences across diverse patient populations. 46 Second, we cannot fully understand population-based differences without enhancing the diversity of the populations that are included in genomic studies. 45, 47, 48 Third, evidence supporting pathogenicity of these SNVs would be strengthened by a prospective study and an understanding of possible familial recurrence and/or segregation. Finally, in the era of big data, it is important to sometimes take a reductionist approach until such time as computer algorithms have the same efficacy as biological measurements for ascertaining the functional effects of SNVs. Sequencing Genomic DNA from each patient was PCR amplified using primers designed using NCBI's primer Blast algorithms (https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome) and were optimized for amplification and sequencing performance. PCR products are analyzed by agarose gel electrophoresis and purified using Exonuclease III and Shrimp Alkaline Phosphatase (Promega, Madison, WI) prior to Sanger sequencing. Products were sequenced with the PCR primers using fluorescent dideoxy terminator method of cycle sequencing (ABI Prism BigDye Terminator v3.1 Cycle Sequencing kits using 1/16 of the "standard" protocol). Reaction clean up was carried out using Applied Biosystems XTerminator purification system, following Applied Biosystem's protocols. Sequencing reactions were run on a 3730xl DNA Analyzer (Applied Biosystems Division, Foster City, CA) following Applied Biosystems' protocols. Sequence data was analyzed using Sequencher Software, version 5.4.6 (Gene Codes, Ann Arbor, MI). SNPs were identified using the software's "Call Secondary Peaks" function. All data was manually inspected.
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Genotyping of Patient DNA
Targeted single nucleotide variant (SNV) genotyping was performed to confirm the results of the GRAFH cohort and for assessment of each of the identified SNPs in cohorts A-E using an Applied Biosystems QuantStudio 7 real-time PCR System (Applied Biosystems, Foster City, CA) and SNP-specific reagents obtained from Applied Biosystems (rs144041999, Assay ID: C_160577079_10; rs144692954, Assay ID: C_160606790_10; rs34656239, Assay ID: C__25628833_10). All reactions were carried out according to the manufacturer's protocol and the output was analyzed using Applied Biosystems QuantStudio Real-Time PCR Software. PCR products were analyzed by agarose gel electrophoresis and purified using Exonuclease III and Shrimp Alkaline Phosphatase (Promega, Madison, WI) prior to Sanger sequencing. Products were sequenced using the fluorescent dideoxy terminator method of cycle sequencing (ABI Prism BigDye Terminator v3.1 Cycle Sequencing kits using 1/16 of the "standard" protocol). Reaction clean-up was carried out using Applied Biosystems XTerminator purification system, following Applied Biosystem's protocols. Sequencing reactions were run on a 3730xl DNA Analyzer (Applied Biosystems Division, Foster City, CA) following Applied Biosystems' protocols. Sequence data was analyzed using Sequencher Software, version 5.4.6 (Gene Codes, Ann Arbor, MI). SNVs were identified using the software's "Call Secondary Peaks" function. All data was manually inspected
Determination of Linked Variants
To determine whether two BAG3 SNVs (P63A -rs144041999 and P380S -rs144692954) were arranged in cis on the same chromosome or in trans, the BAG3 locus from exons 2-4 was amplified, cloned and sequenced using methods as shown in figure 8 . In brief, primers were designed to PCR out from patient DNA the portion of BAG3 containing both the P63A and P380S SNP ( Figure  e1A and e1B). The 7345 nucleotide PCR product was then inserted into a plasmids for sequencing (Figure e1C) . Sequencing primers were then used on each amplified PCR product specific to where the P63A and the P380S mutations occurred (Figure e1D ).
Protein Extraction and Immunoblotting from Tissue
Cardiac tissue was placed in RIPA buffer and homogenized with 0.5mm diameter zirconium oxide beads (Thomas Scientific) in a Bullet Blender BBX24 according to manufacturer's instructions. After tissue homogenization the suspension was centrifuged at 13,000g for 5 min at 4°C and supernatant containing protein was collected into a new pre-chilled tube. Protein concentration was determined by colorimetric Bradford assay from Bio-Rad according to manufacturer's protocol and samples with equal amount of protein were used for analysis by Western Blot.
Western Immunoblots: were performed as described previously (1) . In brief, snap frozen left ventricles were lysed in buffer and homogenized in a Bullet Blender. 25 g of reduced protein lysates were run on SDS-PAGE gels and transferred to Odyssey nitrocellulose membranes for blotting. Blots were then incubated with a primary antibody and secondary antibodies prior to scanning with an Odyssey scanner and quantification using Image Studio software. Primary antibodies used were: BAG3 (Cat. # 10599-1-AP, Protein Tech, Rosemont, IL) Secondary antibodies were: goat anti-mouse IRDye 800 (Cat. #926-32210; LiCor Biosciences, Lincoln, NE) and IRDye 680 goat anti-rabbit (Cat. #926-68071; Licor Biosciences, Lincoln, NE). .
RNA Extraction and qRT-PCR Analysis
Total RNA was extracted using the ThermoFisher Scientific mirVana RNA isolation kit according to manufacturer's instructions. Complementary DNA was generated using a reverse transcription protocol. Generation of cDNA product was verified using primers for the housekeeping gene GAPDH. Quantitative real-time polymerase chain reaction (qRT-PCR) analysis of target genes was normalized to GAPDH. All primer sequences used are listed in Table 1 . LightCycler 480 SYBR Green I Master Mix with specific primers and cDNA was used for qRT-PCR 20ul total reaction mixture. The qRT-PCR reaction was performed as previously described (5) in a 96-well plate on an Applied Biosystems StepOne Real Time PCR System. All samples were in triplicates, and amplification curves and Cp values were obtained for analysis. Results were expressed as mean ± SEM.
BAG3 Variant Plasmid Construction
Plasmid pTU31, generated by Joseph Rabinowitz at Temple University, was used as the backbone for cloning of the BAG3 variants. Wild type BAG3 was inserted under a CMV promoter and each of the variants, p.Pro63Ala, p.His83Gln, p. Pro380Ser, p.Pro63Ala + p.Pro380Ser, and p. Ala479Val, were made using the QuikChange Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara CA) according to manufacturer instructions with the primers listed in etable 2. p.Pro63Ala + p.Pro380Ser was made by sequential mutations of each site. p.160Aladup was synthesized by GenScript (Piscataway Township, NJ) in pcDNA3. . Each transfection was carried out for 36 hours after which cells were subjected to 4 hours of hypoxia (5% CO 2 /1% N 2 O 2 ) followed by 2 hours of re-oxygenation or normoxia (5% CO 2 :21% 0 2 ). The cells were imaged with confocal microscopy and the number of LC3 puncta were counted as we previously described.(10) Expression levels of each plasmid were assessed by western blot and were equivalent.
Cell Harvest and Protein Extraction
In a separate group of experiments protein was collected from the AC16 cells for determination of expression levels. Two days post-infection or transfection cells were washed in 1X PBS and lysed in lysis buffer supplemented with mammalian protease inhibitor cocktail. Suspension was collected in Eppendorf tubes and in order to reach complete lysis, cells were vortexed every 2 minutes for 10 minutes, remaining on ice in between. After vortexing, samples were centrifuged at 13,000g for 5 min. The supernatant was collected and used for protein analysis. Protein concentration was determined by colorimetric Bradford assay from Bio-Rad according to manufacturer's protocol and samples with equal amount of protein were used for analysis by Western Blot.
Measurement of Autophagic Flux
Autophagy flux was measured in AC16 cells, primary cells from human ventricular tissue that were fused with transformed human fibroblasts,(1) using the autophagy reporter construct adenovirus-red fluorescent protein-green fluorescent protein-microtubuleassociated protein 1A/1B light chain 3 (Adv-RFP-GFP-LC3) method as described in detail previously.(2,3) Transformed human ventricular cells (AC16)(4) were cultured at 37 C with 5% CO 2 in Dulbecco's modified eagle medium with 5% FBS until 60-70% confluent, The cells were then transfected with the autophagy reporter construct adenovirus-red fluorescent protein-green fluorescent protein-LC3 (Adv-RFP-GFP-LC3). (LC3-microtubule-associated protein 1A/1B-light chain 3). The next day, cells were plated on Thermo Scientific™ Nunc™ Lab-Tek™ Chambered Coverglass and transfected with indicated BAG3 expressing plasmid along with the vector control using Lipofectamine 3000 reagent. Post 36 hrs of transfection, cells were placed in hypoxia chamber for 4 hrs and then 2hrs reoxygenation. The confocal images were obtained at 488 and 561 nm excitation using a 100×oil objective (510 Meta; Carl Zeiss, Inc.). Images were analyzed and quantified using ZEN 2010 software. Autophagic flux was determined by evaluating the punctuated pattern of LC3 as described earlier (2, 3) .
Measurement of Cell death using Annexin V/PI staining
In a second group of experiments apoptosis was assessed using Annexin V/Propidium Iodide staining as we have described previously. ( 
